The present study uses a systems engineering approach to delineate the relationship between tinnitus and hyperacusis as a result of either hearing loss in the ear or an imbalanced state in the brain. Specifically examined is the inputeoutput function, or loudness growth as a function of intensity in both normal and pathological conditions. Tinnitus reduces the output dynamic range by raising the floor, while hyperacusis reduces the input dynamic range by lowering the ceiling or sound tolerance level. Tinnitus does not necessarily steepen the loudness growth function but hyperacusis always does. An active loudness model that consists of an expansion stage following a compression stage can account for these key properties in tinnitus and hyperacusis loudness functions. The active loudness model suggests that tinnitus is a result of increased central noise, while hyperacusis is due to increased nonlinear gain. The active loudness model also generates specific predictions on loudness growth in tinnitus, hyperacusis, hearing loss or any combinations of the three conditions. These predictions need to be verified by experimental data and have explicit implications for treatment of tinnitus and hyperacusis.
Introduction
Tinnitus, also known as ringing in the ear or head, affects 10e20% of the general population (e.g., Shargorodsky et al., 2010) . The statistics on hyperacusis, or "reduced tolerance to normal sound level", are scarce but limited evidence has pointed to concomitant occurrence with tinnitus (e.g., Andersson et al., 2002) . Hearing loss has been reported consistently as a high risk factor for tinnitus and hyperacusis. Most studies have examined the correlated but not causal relationships among tinnitus, hyperacusis and hearing loss (Nelson and Chen, 2004) . A theoretical framework unifying them is still lacking but critically needed to advance our understanding and treatment of these disorders.
The present study takes a systems engineering approach to developing an active loudness model that uses internal noise, linear and nonlinear gain to not only account for but also predict the complicated relationship between tinnitus, hyperacusis and hearing loss. One key principle in systems engineering theory is to quantify the inputeoutput function of the system. The other key principle is to identify the minimal number of modules within the system that can account for the system's function or behaviors.
Loudness functions
Let us first define the loudness inputeoutput function. The input is intensity, usually defined by acoustic pressure level in decibels (dB). The output is loudness, defined by a ratio scale in sones (Stevens, 1936) . The inputeoutput function between intensity and loudness is a nonlinear power function; it is also referred to as a loudness growth function and has been quantified in normalhearing listeners to produce 0, 1, and 256 sones, corresponding to a 1000-Hz pure tone at 0, 40, and 120 dB SPL, respectively (Fastl and Zwicker, 2007) . In other words, the input dynamic range from threshold to uncomfortable loudness level is 120 dB, while the output dynamic range is 256 sones. Note in this classic model that loudness at threshold equals 0 sone, a point of interest that we will revisit in this paper.
Let us use the inputeoutput function to define hearing loss, tinnitus and hyperacusis. Different from the general term of hearing impairment, which ranges from simple elevated thresholds or more complicated suprathreshold disability in temporal and speech processing, hearing loss here is simply defined as reduced input as a result of elevated threshold. Fig. 1 illustrates how the inputeoutput function changes as a function of hearing loss, tinnitus, hyperacusis, or any combinations of these factors.
To simplify the matter, normal loudness growth is represented by a straight line (panel A, in which one could imagine the slope equal to 0.3, see Section 2 below for mathematical details). The input dynamic range is the intensity difference between threshold (I 0 ) and uncomfortable loudness level (I m ), while the output dynamic range is the loudness difference between L 0 and L m . In cases of hearing loss, the threshold is elevated to I 0 0 as shown in panel D. Assuming no changes in the uncomfortable loudness level, which is typical in most sensorineural loss cases, loudness appears to grow more steeply than normal (dashed line in panel D), a phenomenon termed loudness recruitment (Fowler, 1928) .
Tinnitus refers to a subjectively perceived or internal sound at some loudness even though there is no sound physically present. Tinnitus can occur with or without hearing loss. Without hearing loss (panel B), tinnitus does not affect the input dynamic range but reduces the output dynamic range (¼L m e L 0 0 ) by elevating loudness at threshold from L 0 to L 0 0 .
With concomitant hearing loss (panel C), tinnitus reduces both input and output dynamic ranges as a result of raised "floor" in both intensity and loudness domains. Contrary to tinnitus, hyperacusis has to manifest itself by engaging an external sound that produces an abnormally loud percept even though the same sound is deemed to be acceptable by a normal-hearing person. Hyperacusis can also occur with or without hearing loss. Without hearing loss (panel E), hyperacusis only reduces the input dynamic range (¼I m 0 e I 0 ) by lowering the intensity that produces uncomfortable loudness from I m to I m 0 . Note that the same intensity of I m 0 would produce only a medium loud percept under normal circumstances (horizontal dashed line). With concomitant hearing loss (panel F), hyperacusis further reduces the input dynamic range (¼I m 0 e I 0 0 ) as a result of both raised "floor"
and lowered "ceiling". Note again that hyperacusis by itself does not reduce the output dynamic range. Although more than 30 studies have measured either end of the loudness inputeoutput function, namely tinnitus loudness and the maximal uncomfortable loudness level (e.g., Bauer and Brozoski, 2011; Goldstein and Shulman, 1996; Goodwin and Johnson, 1980; Henry and Meikle, 1999; Tyler and Conrad-Armes, 1983) , only 4 studies have measured the entire loudness growth function in tinnitus or hyperacusis subjects (www.pubmed.gov search conducted on March 15, 2012). Penner (1986b) found a steeper than normal loudness growth at the tinnitus frequency in 8 of the 10 subjects with concomitant hearing loss and tinnitus but normal loudness growth at the tinnitus frequency in the remaining 2 subjects without hearing loss. Ward and Baumann (2009) confirmed Penner's finding by showing steeper growth in tinnitus subjects with w50 dB hearing loss but normal growth in tinnitus subjects with w15 dB loss. In 16 tinnitus subjects without hearing loss, Nieschalk and Stoll (1996) found shallower than normal loudness growth (similar to panel B). On the other hand, Formby et al. (2008) showed in a single case that hyperacusis produced steeper loudness growth than even loudness recruitment (similar to panel F).
Overall the present limited data suggest that tinnitus alone reduces the output dynamic range by raising the loudness at or below threshold and produces normal or shallower than normal loudness growth, while hyperacusis alone reduces the input dynamic range by lowering the maximal uncomfortable loudness level and produces steeper than normal loudness growth. Concomitant hearing loss reduces both input and output dynamic ranges while steepening loudness growth. Can we use the current loudness model or do we need to develop a new loudness model to account for these behaviors? 
Loudness models
To account for loudness growth in normal hearing, Zwicker and Scharf (1965) invented a concept of "specific loudness", which equals to a power transformation of the intensity summed within a critical band or auditory filter. Zwicker did not specify where the power transformation occurs, but recent studies suggest a cochlear origin of this transformation (e.g., Epstein and Florentine, 2005; Moore and Glasberg, 1996; Schlauch et al., 1998; Thorson et al., 2012) . In this classical model, as shown in Fig. 2A , the brain is passive, performing only linear addition of specific loudness across critical bands to produce the total loudness of a given sound. Zwicker's loudness model has been modified to account for loudness recruitment associated with typical sensorineural hearing loss. These modifications include widened auditory filters, increased exponent of the power transformation, and raised "internal noise" level (e.g., Florentine and Zwicker, 1979; Launer et al., 1997; Moore and Glasberg, 2004; Scharf and Hellman, 1966) . Most interestingly, Buus and Florentine (2002) argued that the primary cause of loudness recruitment is not the increased exponent of loudness function, but rather abnormally large loudness at an elevated threshold. In other words, loudness at threshold has a small value in normal hearing (w0.005 sones) but increases with elevated thresholds (doubled for every 16 dB loss, see Buus and Florentine, 2002) .
Although a wide range of applications from audio processing to hearing aid fitting has successfully used this classical loudness model (e.g., Launer and Moore, 2003; Moore et al., 1997) , two lines of research have challenged its underlying physiological mechanisms, particularly the passive brain part. First, Heinz et al. (2005) found no evidence for any increased auditory-nerve rate responses following acoustic trauma, despite its apparent effect on reducing the basilar membrane compression in the cochlea. Instead, converging physiological evidence indicates that the neural correlate of loudness recruitment is an increased gain in the central auditory system from the chopper cells in the ventral cochlear nucleus to neurons in the inferior colliculus and cortex (e.g., Cai et al., 2009; Qiu et al., 2000; Szczepaniak and Moller, 1996) .
The second line of research arguing for an active brain comes from loudness measurements in cochlear and auditory brainstem implant users who all have an extremely narrow input dynamic range (10e20 dB, e.g. see Zeng and Galvin, 1999 ) but a highly expansive loudness growth (Zeng and Shannon, 1992) . Zeng and Shannon (1994) proposed an active loudness model that has a compression stage in the ear, following by an expansion stage in the brain to achieve the power transformation between sound intensity and loudness (Fig. 2B ). In the case of cochlear implants, the compressive stage in the cochlea is bypassed, resulting in an exponential loudness growth.
At present, none of these loudness models have been applied to tinnitus and hyperacusis. One reasonable deduction, though, is the limited utility of Zwicker's classical model and its modifications in explaining the typical behaviors of tinnitus and hyperacusis (See Section 1). For example, Zwicker's original model assumes zero loudness at or below threshold, which is inconsistent with tinnitus loudness by definition. Buss and Florentine's softness imperception model (2002) predicts greater loudness at threshold with elevated hearing loss, which might be true but cannot explain the presence of tinnitus with a normal audiogram profile or minimal hearing loss (e.g., Schaette and McAlpine, 2011) . Moore and Glasberg's modification (2004) does not predict hyperacusis. One has to assume, or accept the fact that loudness perception is a dynamic process that is actively modified by changes in central noise and gain. The next section proposes such an active loudness model and its implications for tinnitus and hyperacusis. 4. An active loudness model Fig. 3 shows the structure of the proposed active loudness model.
The first stage is the same compression (Zeng and Shannon (1994) ), modeled as a log function:
where I denotes sound intensity, namely, the input to the ear, N denotes the output of the ear, and q denotes the amount of compression.
Since we do not know where the increased noise and gain occur, we place them before and after the central exponentiation stage, denoted by N o and g for before and S o and a for after, respectively.
Eq. (2) shows the effect of placing the noise and gain before the central exponentiation stage:
Eq. (3) shows the effect of placing the noise and gain after the central exponentiation stage:
where L a is total loudness produced by this active model. Combining Eqs. (1)e(3) produces:
Mathematically, G is viewed as a linear gain in the loudness domain, which contains the post-exponentiation gain a as well as the pre-exponentiation gain g and noise N 0 . It is worth noting that an additive noise, namely N o can be converted into a multiplicative gain after a nonlinear transformation. On the other hand, the preexponentiation gain, g, can be viewed as a nonlinear gain that changes the slope of the original loudness growth function (Eq. (6)). The final item L o is viewed as an additive central noise.
To examine the effects of these three parameters on loudness function, we rewrite Eq. (4) to obtain:
Eq. (8) With combinations of any two or all three of these three parameters (bottom panels), both tinnitus and hyperacusis would occur. Not surprisingly the three-parameter combination produces the highest degree of tinnitus and hyperacusis, or the narrowest input and output dynamic range. Overall, this active loudness model predicts that tinnitus is more likely a result of increased noise level, whereas hyperacusis can be a result of either increased linear gain or increased nonlinear gain. The difference between the linear and nonlinear gain is the slope of the loudness function, with the linear gain predicting the same slope and the nonlinear gain predicting a steeper than normal slope. 5 shows how the central noise, linear gain, and nonlinear gain interact with hearing loss, including the elevated threshold (vertical thin dashed line) and loudness recruitment (slanted thick dashed line). The overall effect of these parameters is similar between normal hearing and hearing loss, except that the degree of the effect is exacerbated with hearing loss. For example, the hearing loss, combined with all three parameters (panel H), produces an extremely narrow input as well as output dynamic range. Two additional observations are worth noting. First, the linear gain is not a sensitivity control per se, because it would not improve thresholds in hearing loss (intersections of the slanted dashed lines on the x-axis in top-third panel). The linear gain amplifies the noise, which would produce the same, if not more elevated threshold in hearing loss. Second, note that the steepened function in loudness recruitment (slanted thick dashed line) is part of continuum of increased nonlinear gain that produces hyperacusis (progressively steepened thick lines in panel D). In other words, hyperacusis and recruitment have the same underlying mechanism. The difference is simply our definition. Indeed, both hyperacusis and recruitment can have the same steepened loudness growth functions, but we define one as hyperacusis in cases of no threshold elevation (Fig. 4D ) and another as recruitment in cases of threshold elevation (Fig. 5D) . Behaviorally, one has to measure loudness growth to identify hyperacusis in cases of normal audiogram, which may reflect selective damage to high-threshold auditory nerve fibers (Kujawa and Liberman, 2009).
Discussion

Model predictions
We argue against the linear gain mechanism in the model for the following reasons. First, it reduces both the input and output dynamic ranges (see Figs. 4 and 5), an ecologically unlikely scenario. Second, the linear gain does not improve thresholds (yaxis in Fig. 4 and dashed vertical line in Fig. 5 ) because both signal and noise are amplified by the same amount. Third, it raises the overall loudness for all intensities within the reduced dynamic range (see the third panel of top row in Figs. 4 and 5) , a prediction that is not supported by present data (see Section 2). Mathematically, a unit linear gain (i.e., G ¼ 1 in Eq. (5)) would require a unit central gain (a ¼ 1) and a zero peripheral noise (
and nonlinear gain (g) as the two key parameters to explain loudness in tinnitus, hyperacusis and hearing loss. The present active loudness model explicitly predicts that the central noise causes tinnitus, whereas the nonlinear gain produces loudness recruitment and hyperacusis. In this model, recruitment and hyperacusis are parsimoniously accounted for by the same mechanism, with hyperacusis simply having higher nonlinear gain. One advantage for increasing the nonlinear gain is its ability to restore the full output dynamic range in response to reduced input dynamic range in hearing loss (panel D in Figs. 4 and 5) . But why does the brain increase the central noise level? Increasing the central noise level does not provide any clear functional benefit to either input or output dynamic range (see panel B in Figs. 4 and 5) . The answer may be rooted in the nature of neurodynamic processing in the brain. Because of its intricate excitatory and inhibitory interactions, the brain needs noise to help maintain system stability or some sort of equilibrium (e.g., Freeman, 1996; Marinaro and Scarpetta, 2004) . In the case of increased nonlinear gain, the brain needs more central noise to restore or maintain this equilibrium. This sequence of events suggests that tinnitus is generated by increased central noise, rather than the increased gain per se, as suggested by the recent models (e.g., Norena, 2011; Schaette and Kempter, 2006) .
The following examples help further differentiate between the present and previous models. First, increasing central noise and increasing gain are correlated but definitely not dependent on each other in the present model. The central noise can be increased with reduced gain or if the point of equilibrium is tipped by changes in the inhibitory input (Kaltenbach, 2011) . Second, behavioral data show that listeners can have tinnitus without hyperacusis, or hyperacusis without tinnitus. Indeed, Penner (1986b) showed that in two subjects with normal thresholds at tinnitus frequency, the slope of loudness function is also normal, suggesting the presence of tinnitus without increased gain (similar results were obtained in the low hearing loss group in Ward and Baumann, 2009 ). Interestingly, Reavis et al. (2012) found that the slope of loudness growth, a measure of hyperacusis, influences the effect of temporary tinnitus suppression by modulated sounds. Perhaps these modulated sounds affect the central noise, but not the nonlinear gain, thus producing minimal tinnitus suppression in those subjects with steepened loudness growth or presence of hyperacusis. Finally, Penner (1986a) found a shallower psychometric function at tinnitus frequencies than at non-tinnitus frequencies, directly implicating tinnitus as a source of increased internal noise, rather than a result of increased gain.
The above active loudness model leads naturally to either peripheral or central origins of tinnitus and hyperacusis (Fig. 6) . It terms of the peripheral origin, hearing loss decreases the input, increasing the nonlinear gain to produce enhanced loudness (recruitment or hyperacusis), which possibly introduces an imbalanced state in the brain and requires it to increase central noise level to maintain balance, thus producing tinnitus. In terms of the central origin, non-hearing loss factors such as somatic modulation, traumatic injury and drug intake can cause an imbalanced state in the brain (Cianfrone et al., 2005; Dehmel et al., 2008; Fausti et al., 2009) , requiring it to increase the central noise level and producing tinnitus. If tinnitus interferes with sound detection, the nonlinear gain may also be increased to produce hyperacusis. If it does not interfere, then no gain is needed so only tinnitus is generated without presence of hyperacusis or hearing loss.
At present, the active loudness model cannot predict whether and how an external sound would interact tinnitus, although such interactions are well documented in the form of masking, residual inhibition, and suppression (Formby and Gjerdingen, 1980; Reavis et al., 2012; Roberts et al., 2008; Terry et al., 1983; Vernon, 1981) . The reason for not being able to make this prediction is the undefined nature of the central noise in terms of single and population nervous activities. Physiologically, tinnitus has been related to increased synchronous single-neuron activity, namely, "bursting", or increased synchronous firing between neurons, or increased spontaneous activity in the central nervous system (Roberts et al., 2010) . Subjectively, tinnitus may sound tonal, or noisy, or contain more complicated components (Kodama and Kitahara, 1990; Reed, 1960) . It is logical to speculate that tinnitus percepts are related to these aberrant neural activities. For example, tinnitus may sound tonal if "the central noise" is due to increased synchronous activity, or noisy if it is due to increased spontaneous activity. Depending on the degree of overlap and similarity between tinnitus-related and sound-evoked neural activities, tinnitus and external sounds can have different types of spectral and temporal interactions. If tinnitus and an external sound generate different neural activities, then it is relatively easy to imagine some of the perplexing interactions such as the requirement of a high-level noise to mask a relatively soft tinnitus (Penner, 1983) . Therefore, the next logical extension of the present model is to define the nature of the central noise in order to predict what tinnitus sounds like and how it will interact with external sounds.
In addition, the present model does not predict annoyance e another important aspect of tinnitus and hyperacusis that is partially correlated with tinnitus loudness but strongly related to emotion (Hallam et al., 1988; Hiller and Goebel, 2007) . It is conceivable that the present model can be expanded to be part of a general tinnitus and hyperacusis model. For example, the output of the active loudness model can be combined with another parallel pathway, with strong modulation of emotional factors, to help understand and eventually predict annoyance. Indeed, both anatomical and physiological studies have suggested a strong influence of the limbic system in tinnitus and hyperacusis (Rauschecker et al., 2010) .
Experimental evidence for the active loudness model
There is ample experimental evidence supporting the present active loudness model. First, loudness perception changes with hearing aid and cochlear implant usage. Long-term (>6 months) device usage increases the input dynamic range by 4.5 dB in hearing aid users (Olsen et al., 1999) and by a staggering 50% in cochlear implant users (Henkin et al., 2006) . However, the increased dynamic range in both users is a result of the "raised ceiling" or an increased input level that produces a loud percept, rather than any substantial changes in the threshold. This change is opposite to loudness recruitment or hyperacusis, suggesting that amplifying external sounds reduces the nonlinear gain in the brain. Interestingly, adding an external noise to cochlear implants can also enhance their dynamic range, but as a result of "lowered floor" or thresholds rather than the "raised ceiling" (Hong et al., 2003) . The addition of external noise might reduce the need for central noise, lowering thresholds without changing the nonlinear gain. Implications of these results for sound therapy of tinnitus and hyperacusis will be addressed below.
Several well-known loudness phenomena that occur over second-to-minute scales also support an active loudness model. For example, loudness adaptation, particularly the induced adaptation (Canevet et al., 1985) , would be difficult for a passive loudness model, but easy for an active loudness model to explain by changing the gains via a feedback loop (red lines in Fig. 3) . Similarly, loudness recalibration in which loudness enhances or reduces depending upon a context sound can be explained by a short-term gain change (Marks, 1994) . Cognitive effects such as attention on loudness perception can also be modeled as a gain change (Schlauch, 1992) . In particular, Micheyl et al. (1995) found that music training reduces loudness adaptation and suggested the medial olivocochlear system as a possible feedback loop that modulates the gain.
Finally, recent animal studies on the dynamic interplay between environmental sounds and neural responses shed light on possible physiological mechanisms underlying an active loudness model (Dean et al., 2005 (Dean et al., , 2008 Wen et al., 2009; Zilany and Carney, 2010) . These studies show that the auditory nervous system can dynamically (160 ms to tens of seconds) adjust its gain to match the sound level distribution. The gain adjustment is present at the auditory nerve level and becomes greater in the central nuclei. Not surprisingly, the gain adjustment has been suggested to be a result of nonlinear processes, which are abundant in the nervous system from ion channel dynamics and spike generation to homeostatic and network properties. When it comes to physiological manifestation of the increased nonlinear gain in tinnitus, hyperactivity in the dorsal cochlear nucleus is a strong candidate (Kaltenbach and Afman, 2000) . Of course, the actual active mechanisms are likely to be more elaborate and complicated than the present active loudness model.
Implications for sound therapy
The present active loudness model implies that effective tinnitus treatment needs to restore normal central noise level, but the means of achieving it depends upon the cause. If the central noise is increased as a result of the increased nonlinear gain in response to hearing loss, then general amplification usage such as hearing aids and cochlear implants should be effective (Del Bo and Ambrosetti, 2007; Miyamoto and Bichey, 2003) . If the central noise is increased as a result of other factors such as excitatory-inhibitory imbalance, or even reduced nonlinear gain, then other forms of sound therapy are needed. Fractal sounds, modulated sounds, notched music sounds, or coordinated reset stimuli might be able to reduce the central noise to some extent (Okamoto et al., 2010; Sweetow and Sabes, 2010; Tass and Popovych, 2012) . Other means of reducing central noise would include pharmaceutical, transcranial magnetic stimulation, and cognitive therapy (Darlington and Smith, 2007; Jastreboff and Jastreboff, 2003; Jastreboff et al., 1994; Langguth et al., 2006) . At present, hyperacusis has been treated by progressive exposure of louder noise that can change the gain (Formby et al., 2008) . Although no data are available, the present model suggests that hyperacusis can also be managed by amplitude compression because it effectively increases the input dynamic range.
Summary
The present active loudness model suggests that tinnitus and hyperacusis have different mechanisms: Tinnitus is due to increased central noise whereas hyperacusis is due to increased nonlinear gain. The model predicts two different origins and their sequences of events in tinnitus and hyperacusis generation. For the peripheral origin, hearing loss reduces sound input, leading to increased nonlinear gain (recruitment or hyperacusis), requiring the brain to increase central noise to reach a new equilibrium, generating tinnitus as a result. For the central origin, an imbalanced state in the brain increases central noise, generating tinnitus, which may or may not cause hyperacusis or hearing loss. Due to limited experimental data, the present model is still vague in terms of underlying physiological mechanisms. Nevertheless, the model not only presents a theoretical framework to unify tinnitus, hyperacusis and recruitment, but also suggests different strategies to treat these symptoms.
